To explore the thermal decomposition behavior and evaluate the thermal safety of the cocrystal 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (HNIW)/2,4,6-trinitrotoluene (TNT), its thermal and kinetic behaviors were studied by differential scanning calorimetry (DSC) technique. With the help of onset temperature (T e ) and maximum peak temperature (T p ) from the non-isothermal DSC curves of HNIW/ TNT cocrystal at different heating rates (b), the following were calculated: the value of specific heat capacity (C p ) and the standard molar enthalpy of formation ðD f H q m ; s; 298:15 KÞ, the apparent activation energy (E K and E O ) and pre-exponential constant (A K ) of thermal decomposition reaction obtained by Kissinger's method and Ozawa's method, density (r) and thermal conductivity (l), the decomposition heat (Q d , as half-explosion heat), Zhang-Hu-Xie-Li's formula, Smith's equation, Friedman's formula, Bruckman-Guillet's formula, Frank-Kamenetskii's formula and Wang-Du's formulas, the values (T e0 and T p0 ) of T e and T p corresponding to b / 0, thermal explosion temperature (T be and T bp ), adiabatic timeto-explosion (t tiad ), 50% drop height (H 50 ) for impact sensitivity, critical temperature of hot-spot initiation (T cr ), thermal sensitivity probability density function [S(T)] vs. temperature (T) relation curves with radius of 1 m and ambient temperature of 300 K, the peak temperature corresponding to the maximum value of S(T) vs. T relation curve (T S(T)max ), safety degree (SD) and critical ambient temperature (T acr ) of thermal explosion. Results show that the kinetic equation describing the exothermic decomposition reaction of HNIW/TNT cocrystal is da=dt ¼ 3 2 ð1 À aÞ½Àlnð1 À aÞ 
Introduction
High-density energetic materials (HDEMs) show great potential use in the military eld, e.g., as propellants, pyrotechnics, explosives and gas generators. [1] [2] [3] [4] Along with the fast development of the energetic materials (EMs), the demand is increasing for the insensitive EMs; specically, it is necessary to generate high-energy EMs with low sensitivity. 5, 6 As is known, the conicts between increasing chemical energy and decreasing the sensitivity are severe. Many efforts have been made to improve the power and insensitivity of EMs, and synthesis of new compounds and modication of existing materials are the primary methods used. [7] [8] [9] Co-crystallization is an effective and convenient means to improve the performance of materials, and it has drawn wide attention among researchers. 10, 11 Cocrystallization, combining two or more neutral molecules through non-covalent interactions, could compromise the merits of the individual substance, and one of the energetic compounds has shown the ability to alter undesirable material properties, such as high sensitivity or low density.
12,13
2,4,6,8,10,12-Hexanitrohexaazaisowurtzitane (HNIW) is the most powerful explosive owing to its high density (>2.0 g cm À3 ), good oxygen balance (À10.94%) and high detonation velocity (9400 m s À1 ), but its high sensitivity toward external stimuli constrains its application. 14 2,4,6-Trinitrotoluene (TNT) is an extensively used explosive with good stability. Bolton successfully prepared the HNIW$TNT cocrystal (in a 1 : 1 stoichiometry) in 2011, 15 which featured insensitivity and high energy. The nonisothermal decomposition behaviors and thermal safety parameters of EMs play vital roles in theoretical studies and engineering applications, providing signicant guidance to their further applications and industrial production. In recent years, reports of the HNIW$TNT cocrystal have been concentrated on its synthesis, characterization, atomistic simulation and reactive molecular dynamics, [16] [17] [18] [19] [20] [21] [22] but there is little literature reported about the thermal behaviors and thermal safety parameters of HNIW$TNT cocrystal. Before HNIW$TNT cocrystal can reach practical application, much work should be done for a more comprehensive understanding of this material. To add to these studies, herein, the nonisothermal decomposition behaviors and detailed thermal safety parameters of HNIW$TNT cocrystal are described. The HNIW$TNT cocrystal was prepared and characterized. Its nonisothermal decomposition was studied by differential scanning calorimetry (DSC), and the thermal safety parameters of HNIW$TNT cocrystal, including the self-accelerating decomposition temperature (T SADT ), the critical temperature of thermal explosion (T b ) and the adiabatic time-to-explosion (t tiad ), were also calculated with the experimental data from non-isothermal decomposition. Moreover, the 50% drop height of impact sensitivity (H 50 ), the critical temperature of hot-spot initiation caused by impact (T cr ), the safety degree (SD), the critical thermal explosion ambient temperature (T acr ) and thermal explosion probability (P TE ) were also obtained.
Experimental

Caution
General caution: title compound is a hazardous material, explosions of which may occur in certain conditions. Although we had no difficulties during the experiments and in handling the compounds, appropriate safety precautions such as the use of safety glasses, face shields and horn spoons should be taken, especially when the compounds are prepared at a large scale.
Preparation
HNIW/TNT cocrystal was prepared and puried according to the literature method. 15 It was kept in a vacuum desiccator before use. The structure of HNIW/TNT cocrystal was characterized by infrared spectroscopy (IR) 
Differential scanning calorimetry
The DSC experiments for the title compound were performed using a Q2000 apparatus (TA, USA) under nitrogen atmosphere at a ow rate of 50 ml min
À1
. About 0.6 mg of sample was sealed in an aluminum pan, and the heating rates used were 2. 
where 
The nonisothermal decomposition behavior of HNIW/ TNT cocrystal
A typical DSC curve at a heating rate of 5.0 K min À1 for HNIW/ TNT cocrystal is shown in Fig. 1 . The curve consists of one endothermic peak and one exothermic peak. The endothermic peak at 413.52 K is the phase change from solid to liquid. The exothermic peak is the decomposition reaction of HNIW/TNT cocrystal; the T p is 490.61 K, and the T e is 479.32 K.
Thermal conductivity (l)
According to the relationship between specic heat capacity at constant pressure (C p ) and specic heat capacity at constant
and substituting the values of M of 665.32 and a, b, c and d in eqn (5) into eqn (6),
we obtain 
the value of l of 0.168 W (m K) À1 was obtained.
Explosion properties
By substituting the values of a, b, c and
Kamlet-Jacobs eqn (8)- (12) 
where D is detonation velocity (km s À1 ), P detonation pressure (GPa), N moles of gas detonation products per gram of explosive, M average molecular weight of gaseous products, Q chemical energy of detonation (J g À1 ), r density of explosives (g cm À3 ), and D f H q standard enthalpy of formation.
By substituting the values of
reaction formula (13) and r ¼ 1.884 g cm À3 into empirical nitrogen equivalent eqn (14) and (15) and P of 33.76 GPa are obtained.
where 695 and 1150 are constants; 
Analysis of kinetic data for the main exothermic decomposition reaction of HNIW/TNT cocrystal
Two isoconversional methods [eqn (16) and (17)] were used to obtain the kinetic parameters (the apparent activation energy (E a ) and pre-exponential constant (A)) of the main exothermic decomposition reaction for the title compound: Differential method. Kissinger equation
Integral method. Ozawa equation 17) where a is the degree of reaction, T the absolute temperature, E the apparent activation energy, b the heating rate, R the gas constant, T p the DSC curve peak temperature, and A the preexponential factor. From the original data in Table 1 Table 2 from DSC curves at differential heating rates into eqn (18) , the values of E a for any given value of a were obtained and are shown in Fig. 2 . The average value of E a in the a range of 0.10 to 0.90 in Fig. 2 is in good agreement with the calculated values obtained by Kissinger's method and Ozawa's method. The E values calculated using eqn (18) 29 are used to check the validity of activation energy by the other methods.
where the I(E a , T a ) integral is obtained taking the SenumYang approximation calculation for approximation of 3 rd degree:
) in the range of a ¼ 0.10-0.90 and 47 kinetic model functions 29 were input to following eqn (19)- (23) to obtain the values of E and A from a single nonisothermal DSC curve.
Ordinary-integral equation
Universal integral equation 
Agrawal equation
8 > > > > > < > > > > > : where G(a) is the integral model function, respectively, T the temperature (K) at time t, a the degree of reaction, and R the gas constant. The kinetic parameters obtained by the logical choice method 31 are presented in Table 3 . Their values for E are very close to each other. The values of E a and A obtained from a single non-isothermal DSC curve are in good agreement with the calculated values obtained by Kissinger's method and Ozawa's method. Therefore, we conclude that the reaction mechanism of the main exothermic decomposition process of the title compound is classied as 
the kinetic equation of the exothermic decomposition reaction of HNIW/TNT cocrystal may be described as:
3.7 Heat-temperature quotient for the exothermic decomposition of HNIW/TNT cocrystal
The exothermic peak in Fig. 1 is caused by the decomposition reaction. Heat-temperature quotient DS d of the process equals to:
In eqn (26) , Q d is the heat of decomposition reaction, which is dened as
Self-accelerating decomposition temperature T SADT
Setting T e as the onset temperature and T p as the peak temperature, and dening T e0 or p0 as the value of T (e0 or p0)i corresponding to b / 0 and T e0 as the self-accelerating decomposition temperature T SADT , we have:
and
Replacing the experimental data: Table 1 into eqn (27) , the values of T e0 of 464.45 K and T p0 of 477.55 K are obtained. The T SADT value of 464.45 K is obtained by eqn (28).
The critical temperature of thermal explosion (T b )
The critical temperature of thermal explosion (T b ) is an important parameter in evaluating the safety and elucidating transition tendency from thermal decomposition to thermal explosion for small-scale EMs.
For 
In comparison with RDX for T bp ¼ 454.08 K, 25 the high value of T b shows that it is difficult for the transition from thermal decomposition to thermal explosion to take place. 
Thermodynamic parameters of activation reaction
where k B is the Boltzmann constant (1.3807 Â 10 À23 J K À1 ) and h is the Planck constant (6.626 Â 10 À34 J s). Fig. 2 The E a -a curve obtained by Ozawa's method.
The determination of the adiabatic time-to-explosion
The adiabatic time-to-explosion (t tiad , s) of energetic materials is the time of energetic material thermal decomposition transitioning to explosion under adiabatic conditions, and it is an important parameter for assessing the thermal stability and the safety of energetic materials. The estimation formulae used to calculate the adiabatic time-to-explosion (t) of energetic materials are Smith's eqn (33)- (35) taken from ref. 36 .
where C p is the specic heat capacity (J g À1 K À1 ); f(a) is the differential mechanism function; E is the apparent activation energy; A is the pre-exponential constant; Q is the heat of decomposition; R is the gas constant (8.314 J mol À1 K À1 ); and a is the conversion degree.
By substituting the original data of 
